The flow field in the stator of a clear torque converter was studied using laser velocimetry. Five planes in the stator were studied at a speed ratio of 0.800 and three planes were studied at a speed ratio of 0.065. Data complements previously available pump and turbine data. Flow in the stator inlet plane is highly non-uniform due to the complicated flow exiting the turbine.
INTRODUCTION
Torque converters are commonly used in automobiles and other vehicles as a means of smooth torque transmission between the engine and the automatic transmission. The typical torque converter consists of a pump, a turbine, and a stator, and employs oil as the working fluid. Rotational energy from the engine is introduced into the fluid by the pump and extracted by the turbine. The non-rotating stator is placed between the turbine exit and pump inlet. Its function is to ideally create a zero pump inlet blade incidence angle at some design conditions.
The design of a torque converter is very complex due to a number of conditions. First, the turbomachine should operate efficiently at both on-and off-design conditions. However, the flow field changes drastically over the typical operating range; namely, incidence angles to all of the components change from large positive to large negative values over the operating range. Second, the flow is turned in the passages in two directions. As in any turbomachine, blade slip becomes a problem at offdesign conditions and the flow does not follow the blades. The problem is further complicated by the fact that the flow is also turned in the transverse direction in both the pump and turbine, usually in a short distance; namely, flow enters these components in the axial direction, rapidly is turned to the radial direction, and rapidly turned into the reverse axial direction. Thus, the torque converter stator is a complex axial flow device because the inlet and exit planes are directly after and before mixed-flow turbomachines and the boundary conditions are non-uniform.
Previous Work
A detailed review of ongoing torque converter work was recently published by Ainley et al. (1998) and other literature was reviewed by Gruver et al. (1996) and Brun and Flack (1997a) . Thus, only some of the most recent publications on torque converters are reviewed herein for the sake of brevity.
Watanabe et al. (1997) recently used flow visualization and laser velocimetry to study the flow in stator passages for different thicknesses of vanes. They found that the thickness affected the flow fields and other parameters including the flow rate. They also found that the flow was non-uniform and separated regions were present regardless of the test conditions.
In 1988, General Motors Corporation, The University of Virginia, and Pennsylvania State University, and in 1997 Michigan Technological University engaged in a large scale cooperative research project to systematically study the internal flow field of a series of automotive torque converters. The aim of this project was to develop both analytical as well as experimental tools to determine the flow field inside torque converters and its effect on the performance parameters. Simultaneously, at The University of Virginia internal flow velocities were measured, at the Pennsylvania State University pressures were measured, at Michigan Technological University cavitation was identified, and at General Motors a three-dimensional full NavierStokes flow solver code was developed to reproduce the experimental results. The same torque converter geometry and operating conditions were studied at all four research locations. Some results from this project have been published.
Marathe et al. (1996) and Marathe and Lakshminarayana (1995) used a five-hole probe to acquire pressure data at the turbine exit and stator exit of a torque converter. The flow fields were found to be highly three-dimensional and strong secondary flows were found. A separation region near the shell side of the stator passage was observed. The experimental data was in good agreement with the Navier-Stokes computational predictions at the stator exit for both "design" and "off-design" conditions. More recently, Dong et al. (1997) studied the unsteady flow fields at the turbine and pump exits of a larger diameter torque converter using the five-hole probe; they identified the jet, wake, and mixing regions. An overall review of the PSU efforts and an assessment of the results was conducted by von Backstr6m and Lakshminarayana (1996) .
Gruver et al. (1996) and Brun et al. (1996) used a facility to measure steady and unsteady velocities in the pump of the torque converter in threedimensions. Velocity fields were measured in the inlet, mid-, and exit planes of the pump at the speed ratios of 0.065 and 0.800 and pump rotational speed of 800 and 1100 rpm. The flow field in the pump inlet was found to be strongly dependent on the relative position between the pump and the stator.
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The pump exit velocity field was found to be influenced by the relative position between the pump and the turbine. Secondary flow was found in all three planes with the most significant occurring in the mid-and exit planes at the 0.800 speed ratio. Large separation regions were shown in the mid-and exit planes at the core and suction sides at both speed ratios. The pump inlet and exit flow field were seen to be highly unsteady. (1996) . They first examined in detail the effects of turbine/pump speed ratio and then considered the independent effects of rotational speed and oil viscosity. In general the flow in the pump exhibited the behaviors seen in conventional pumps. Some Reynolds number effects were seen.
Motivations and Objectives
Although torque converters receive widespread use and have received attention in the recent past, their internal flow characteristics remain misunderstood. The torque converter pump consisted of 27 identical blade passages, the turbine of 29 identical blade passages, and the stator of 19 passages. The pump and turbine blades were 1.1 mm thick and the shells were 2.67 mm thick. The stator blades and shell were milled from a single piece of Plexiglas and then glued to the core. In Fig. 3 signal, the instantaneous angular positions of the pump and turbine were read in using two 10-bit shaft encoders (1024 circumferential positions) attached to the pump and turbine shafts.
The measurement uncertainty of the velocity was due to the uncertainty of the clock counter in the digital processor, uncertainty in the beam crossing angle, and the uncertainty of using a finite number of samples to approximate a true distribution; this uncertainty was typically 4-0.05 m/s with 95% confidence. Due to the small difference of index of refraction of the oil and plastic, a translational uncertainty of the probe volume position was also present and was approximately 0.05mm. This probe volume position uncertainty was statistically added with the uncertainty in the angular position, which resulted in a typical uncertainty in the velocity of 0.07 m/s, when velocity gradients were present. As a result, the total uncertainty in velocity was 0.11 m/s.
Procedure
Although the LV system was one-directional, different velocity components were measured by rotating the beam splitter and realigning the optics for each component. The axial and tangential velocity components were measured by aligning the laser velocimeter beams perpendicular to the torque converter shaft, while for the radial component the beams were aligned parallel to the shaft ( Measurement plane locations were determined by first using reference points in the stator and the known stator dimensions. The measurement locations were determined by finding the coordinates of the four corners of the stator blade passage relative to the chosen reference point and interpolating a 7 point by 9 point measurement plane grid. This was done separately for each of the five measurement planes and this procedure was repeated for the measurement of each velocity direction. The probe volume was placed for the desired measurement locations in the stator with a total accuracy of the absolute position of 0.05mm in any direction.
Five measurement planes were studied in the stator: each stator measurement plane consisted of 7 evenly spaced locations in the pressure-to-suction direction and 9 evenly spaced locations coreto-shell positions for a total of 63 positions. Figure 3 shows the stator measurement planes and defines the pressure and suction sides of the passage.
The torque converter was run at two different test conditions. The test conditions for the stator are shown in Table I . In all cases the stator was stationary and the pressure was 2.1 atm. Oil temperatures are given in Table I . The torque converter was run for approximately one hour before any data was taken so that the pressures and temperatures of the system could reach steady state.
Reynolds Numbers
The Reynolds numbers were calculated for the operating conditions for the mid-plane and listed in Table II . The Reynolds number (Re V. Dry/u) was calculated based on the average through-flow 
RESULTS
Three-dimensional and two-dimensional vector plots and through-flow contour plots were studied for three planes at the 0.065 speed ratio and for five planes at the 0.800 speed ratio. The measurement planes for the 0.065 speed ratio include.the inlet, mid-, and exit planes. The inlet, 1/4, mid-, 3/4, and exit planes were studied for the 0.800 speed ratio. Unsteady velocity fields are shown for the 0.800 speed ratio to show the effect of the turbine and the pump on the stator flow field. Transient throughflow velocities due to turbine influence are presented for the inlet and the mid-plane and similar data due to pump influence are shown for the exit plane. Further details can be found in Ainley (1994) . Brun and Flack (1997a) also did not report a strong core to shell gradient for the turbine exit for this condition. The average radial and tangential flow is shown by a two-dimensional vector plot (Fig. 7) .
Again, the highest velocities are located at the shell-suction corner with the highest velocities (radial and tangential combined) close to 6.4 m/s. For the exit plane a three-dimensional low velocity region is located midway from core-to-shell near the suction side. The velocity field is fairly uniform in the 10-50% pressure-to-suction region.
The through-flow velocities (Fig. 9) tangential flow is from pressure-to-suction and is significantly greater than the radial velocity. The direction of the radial velocity is shell-to-core near the pressure side and is close to zero near the suction side of the exit plane.
In summary, the overall velocity field for the speed ratio of 0.065 changes significantly from the inlet plane to the mid-plane. There is a general decrease in velocity magnitude from the suction to the pressure side of the inlet plane and the general direction of the tangential velocity is from pressureto-suction. In the mid-plane the highest velocities are located in the center of the plane and a region of The radial velocities reverse from shell-to-core in direction near the pressure side to core-to-shell along the suction side of the plane. 
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low velocity is located along the suction side of the plane. A strong secondary flow in the inlet from suction surface to pressure surface was seen. In the mid-and exit planes the tangential velocities are oriented in the pressure-to-suction direction (opposite from the inlet plane). The exit plane velocity field is similar to the mid-plane velocity field except there is a greater tangential velocity component and a lesser through component.
Speed Ratio of 0.800
The three-dimensional velocity field (Fig. 10) for the inlet plane is non-uniform. A band of low velocities in the pressure-to-suction direction is noted close to the shell at the pressure side and midway from core-to-shell at the suction side. Figure 11 represents the through-flow velocities.
Peak velocities of about 3.0m/s are located near are consistent from core-to-shell. As for SR 0.065, a moderate gradient of the through-fow velocity is noted in the pressure surface to suction surface direction but minimal gradient is noted in the coreto-shell direction. Again, Brun and Flack (1997a) did not report a strong core to shell gradient for the turbine exit for speed ratio. Figure 12 shows the radial and tangential velocity field for the inlet plane. The highest velocities are about 7.6 m/s and are located in a region stretching from the coresuction corner to the pressure side midway from core-to-shell. Lower velocities of about 1.7 m/s are located just to the shell side of the aforementioned region. The direction of the radial velocities is again small except near the core side of the plane where the direction is core-to-shell. The tangential velocities are pressure-to-suction in direction. A larger separation region is present in the midplane than in the 1/4 plane and is again located in the core-pressure corner. The three-dimensional velocity field is uniform in direction away from the separation region. The highest velocities are located toward the suction side and especially nearer the core side than the shell side. The peak through-flow velocities ( Fig. 13) In summary, in the inlet plane a region of high velocities is located along the shell near the pressure side. The high velocity region migrated to the shellsuction corner and suction side in the 1/4 and midplanes. Also, a separation region develops in the 1/4 plane and mid-plane in the core-pressure corner. The separation region is located in the same region in the 3/4 plane but is smaller than in the mid-plane. In the 3/4 and exit planes, large separation regions are located in the shell-suction corner. In all planes the general direction of the tangential velocity is from pressure-to-suction surface and the radial velocity component in most cases is small. divided by the average area of the plane) by the area which each velocity vector represents. The two angles which make up the velocity vector are defined as follows: 0 is the angle the resultant velocity vector makes with the through-flow velocity vector if projected onto the radial-axial coordinate plane and, q5 is the angle the resultant velocity vector makes with the through-flow velocity vector if projected onto the tangentia!-axial coordinate plane. The positive angle 0 exists in the axial-radial coordinate plane, originates at the through-flow velocity vector and increases in the direction of the torque converter core. The positive angle q5 exists in the axial-tangential coordinate plane, originates at the through-flow velocity vector and increases in the direction of the pump rotation. A velocity vector with no radial or tangential components has an angle 0 of 0 and an angle q5 of 0. Table III shows the velocity summary for the stator.
One-Dimensional Averages
The average velocity vector for each plane and op.rating condition in the stator was calculated. These calculated velocity vectors provide a useful summary of the stator flow field. This information may be used for torque converter performance prediction and design using a one-dimensional analysis. The velocity vector is defined by the magnitude and two angles. The magnitude and angles were weighted (multiplied by the local area and
Periodic Transient Velocities
The velocity flow field in the stator is unsteady but periodic. The turbine has 35 possible angular positions relative to the stator. Thirty-five independent velocity fields were calculated for the stator planes at the speed ratio of 0.800. When all the independent velocity fields are placed together in sequence, the transient effects of the turbine on the (and thus two jets) are affecting the stator flow field at the same point in time. The high velocity regions were seen to move across the stator upstream plane in the core-to-shell direction and not in the pressure-to-suction direction. The turbine blades are not directly in-line with the stator blades but rather cross the stator blade passage at an angle. Therefore, when the turbine blade passage passes the stator passage the high velocity regions move from the core to the shell.
Figures 18 and 19 show some typical results for the effects of the pump on the stator flow field: the through-flow velocity field for the stator exit plane at the speed ratio of 0.800. Figure 18 shows the through-flow velocity field in the exit plane for a pump position of 1. There is one region of high velocity near the shell and a low velocity region near the shell/suction quadrant. Figure 19 shows a very similar flow field (pump position is 17), and is also similar to the time averaged plot (Fig. 14) .
To summarize typical fluctuations Fig. 20 is presented. In this figure the velocities in the center of the exit plane are shown for the 37 different pump positions. Position 38 is the same as position due to the periodicity. As can be seen, in the velocity varies from 3.7 to 3.9 m/s. All of the transient flow field plots based on pump position show that the effect on the flow in the exit plane is small. 
Mass Flow Rates
The mass flow at each plane was calculated using a discretized form of the continuity equation: p is the oil density. The mass flow rates and uncertainties are presented in Table IV . The mass flow rates agree within the given uncertainties from plane to plane for each speed ratio. The mass flow rates also agree with those previously published for the pump (Gruver et al., 1996) and turbine (Brun and Flack, 1997a) . Optical difficulties prohibited the acquisition ofvelocity data along the pressure side and the suction side of the inlet plane blade passage and, therefore, the area measured was less than the actual area of the stator inlet. As a result, the calculated mass flows are lower in the inlet plane than in the other stator measurement planes. The exit plane has the highest mass flow uncertainties of any plane at the 0.800 speed ratio.
CONCLUSIONS
The flow field in the stator of a Plexiglas model automotive torque converter was studied using laser velocimetery. Five planes in the stator were studied at a speed ratio of 0.800 and three planes were studied at a speed ratio of 0.065. Stator mass flows and uncertainties were calculated based on the velocity data. Data complements previously available pump and turbine data for the same torque converter and same conditions. Specific conclusions are:
(1) Flow in the stator inlet plane is highly nonuniform due to the complicated flow exiting the turbine. In the inlet plane a region of high velocities is located along the shell near the pressure side for SR=0.800. The high velocity region has migrated to the shell-suction corner and suction side in the 1/4 and mid-planes.
The overall velocity field for the speed ratio of 0.065 changes significantly from the inlet plane to the mid-plane. The velocity magnitude generally decreases from the suction to the pressure side of the inlet plane and the general direction of the tangential velocity is from pressure-to-suction.
At a speed ratio of 0.065 a strong secondary flow in the inlet from suction surface to pressure surface was seen. However, at SR 0.800 a moderate secondary flow in the inlet from pressure surface to suction surface was observed.
Mass flow rates at the different planes are within the experimental uncertainty and also within the uncertainty oi" pump and turbine mass flow rates published previously.
At the 0.800 speed ratio, the data in the stator inlet plane are significantly influenced by the turbine relative blade position. The turbine influence on the mid-plane data is significantly less than on the inlet plane data.
At the 0.800 speed ratio, the influence of the pump blade position on the stator exit plane is small compared to the turbine influence on the inlet plane.
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